The activation of a given signaling pathway can have a range of biological effects depending on the cellular context. Distinct cellular responses of this kind may be determined by the particular combination of responsive transcription factors expressed in the signal-receiving cell. The presence of a certain set of transcription factors can thus predetermine the specific genetic response of a cell to a pleiotropically acting signal (Simon 2000) .
This simple concept becomes complicated if transcription factors serve as nodes targeted by more than one signal transduction pathway, as has been described in a number of cases based on tissue culture experiments. Well-known examples include the Ets family factor Elk (Treisman 1996) or the leucine zipper factor CREB (De Cesare et al. 1999) , both of which serve as convergence points for several signaling pathways. Mechanistically this is explained by the ability of multiple, differently regulated kinases to phosphorylate such "multifunctional" transcription factors and thus to modulate their ability to activate target genes.
Here we investigated how the Jun-N-terminal kinase (JNK) and the extracellular regulated kinase (ERK) signal transduction pathways, two related but distinct MAP kinase signaling cassettes, converge on a single transcription factor, D-Fos, during the development of Drosophila.
Fos and its partner molecule Jun are members of the AP-1 family of bZIP transcription factors (Leppä and Bohmann 1999; Wisdom 1999) . Fos and Jun are paradigmatic examples for pleiotropically acting gene regulators, both implicated in the nuclear response to a wide variety of extracellular signals. Jun has been studied most extensively in this regard. It is the name-giving substrate of the MAP kinase JNK (Hibi et al. 1993; Déri-jard et al. 1994) . In vertebrate cells, JNK signaling via Jun mediates the cellular response to stress and apoptotic signals. In addition, studies in fibroblasts, PC12 cells, and Drosophila have indicated that c-Jun can also relay the cellular response to ERK activation (Pulverer et al. 1991; Peverali et al. 1996; Kockel et al. 1997; Leppä et al. 1998) .
Fos is involved in the cellular response to ERK and JNK as well; however, the mechanistic understanding of the role of Fos as MAPK effector is less advanced than the one of Jun. c-Fos, the vertebrate homolog of D-Fos, becomes hyperphosphorylated in response to a range of stimuli. Although the functional consequences of this phosphorylation have not been investigated in great detail, it correlates with the activation of c-Fos target genes, especially in response to serum stimulation. Several MAP kinases or MAP kinase-regulated protein kinases have been shown to phosphorylate c-Fos in vitro. These include ERK, RSK1, and FRK Chen et al. 1996) .
Drosophila has proven to be a very well-suited experi-mental system for the analysis of MAPK signaling. The fruit fly permits biochemical as well as genetic approaches toward elucidation of molecular mechanisms and biological functions of signaling pathways such as the ERK and JNK cascades. The only known Drosophila ERK is Rolled (Biggs et al. 1994 ). It acts downstream from at least five receptor tyrosine kinases (RTKs; Gabay et al. 1997) . For the purpose of this study, we consider the Drosophila homolog of the epidermal growth factor receptor (DER) and the eye-specific RTK Sevenless (Sev). DER and Sev activate a similar signal transduction pathway, which involves Ras, Raf, and Rolled, but differ in their biological functions. DER is probably the most pleiotropic of the Drosophila RTKs (Schweitzer and Shilo 1997; Freeman 1998) . It participates in a large number of developmental decisions. For example, it controls cell proliferation and patterning in imaginal discs and thus determines the formation of many adult structures such as the wing, eye, and leg. In the eye imaginal disc, DER and Sev act in concert to control, among others events, the differentiation of photoreceptor neurons (Rcells; Simon 1994; Wassarman et al. 1995) . Previous studies have indicated that RTK-dependent R-cell development can be mediated by D-Jun (Bohmann et al. 1994; Treier et al. 1995; Peverali et al. 1996) , even though lossof-function experiments show that the protein is not essential for the process (Hou et al. 1997; Kockel et al. 1997) . A dominant-negative form of rat c-Fos, when expressed in the developing eye, interferes with Sev-dependent R-cell recruitment, indicating a role for Fos in Rcell differentiation as well (Bohmann et al. 1994 ). The precise relationship between Fos, Jun, and the RTK-dependent activation of ERK in Drosophila eye and wing development, however, is unclear. During the development of the gut, D-Fos appears to mediate the regulation of the homeotic gene labial, a key determinant of intestinal morphogenesis (Szüts and Bienz 2000b) . In this system, D-Fos is regulated by DER, but it is not clear yet whether the RTK signal controls D-Fos expression, phosphorylation, or both (Eresh et al. 1997; Riese et al. 1997; Szüts et al. 1998) .
The role of D-Fos as a mediator of JNK signals is better defined than its function as an ERK effector, however. Like the ERK pathway, the JNK pathway controls several events during Drosophila development (Kockel et al. 2001) . Dorsal closure is the best described example. In this process, the epidermis of the developing embryo moves dorsalward to close a region that until then is covered only by a transient embryonic cell layer, called amnioserosa (Knust 1996) . Mutations affecting components of the JNK pathway, such as the D-JNKK Hemipterous (Hep) and the D-JNK Basket (Bsk), as well as D-Jun and D-Fos, result in defective dorsal closure (Noselli 1998; Stronach and Perrimon 1999) . Genetic interaction studies indicated that D-Fos and D-Jun are both required downstream from Bsk for dorsal closure to proceed (Riesgo-Escovar et al. 1996; Hou et al. 1997; Kockel et al. 1997; Riesgo-Escovar and Hafen 1997a; Sluss and Davis 1997; Zeitlinger et al. 1997) . D-Jun serves as a direct target for Bsk in vitro and a constitutively active, pseudophosphorylated form of c-Jun can partially rescue bsk mutants, indicating that D-Jun phosphorylation by Bsk is essential for dorsal closure (Riesgo-Escovar et al. 1996; Sluss et al. 1996; Hou et al. 1997 ). An additional JNKregulated process in Drosophila that is phenomenologically similar to dorsal closure is thorax closure, the joining of the collateral wing imaginal disc at the dorsal midline during pupariation. Fos is required to mediate the JNK signal in the control of thorax closure (Agnes et al. 1999; Zeitlinger and Bohmann 1999; Martin-Blanco et al. 2000) .
Here we present evidence that D-Fos presents a node for the intersection of ERK and JNK signal transduction pathways during a number of developmental situations, and we suggest a mechanism that mediates the specificity of signal responses.
Results

D-Fos directs wing vein formation
In addition to its embryonic expression pattern, D-Fos can be detected at later stages of development, for example, in wing and eye imaginal disc (Zeitlinger and Bohmann 1999; J. Zeitlinger, unpubl. , are not suitable for such experiments. kay 2 represents a hypomorphic mutation of unknown nature. Therefore, the occasional viable homozygous flies (escapers) that are recovered from this stock might not display the full range of phenotypes that can arise from defects in D-fos. The null allele kay 1 , on the other hand, causes cell lethality in imaginal disc cell clones homozygous for this mutation. It is not clear, however, whether this drastic phenotype is caused by a loss of D-Fos function, as it cannot be rescued by transgenic D-Fos expression (J. Zeitlinger, unpubl.) . This may be due to the fact that the kay 1 mutation consists of a deletion that removes more than one lethal complementation group (J. Zeitlinger, U. Gritzan, H. Jasper, L. Ciapponi, unpubl.). Therefore, we opted for an alternative approach and examined fly strains expressing a dominantnegative mutant form of D-Fos (subsequently referred to as D-Fos bZIP ). This truncated version of D-Fos consists of the isolated bZIP domain. Thus, it can dimerize with endogenous Fos partner proteins such as D-Jun and bind to DNA, but it lacks the ability to stimulate transcription (Eresh et al. 1997) .
A number of observations have shown that the expression of D-Fos bZIP causes phenotypes specifically resembling those elicited by D-fos loss-of-function alleles (kay 1 and kay of D-Fos bZIP in the dorsal part of the wing imaginal disc epithelium, from which the adult thoracic body wall derives, results in a cleft along the dorsal midline, as do D-fos mutant alleles (Zeitlinger and Bohmann 1999) ; (3) expression of D-Fos bZIP in the embryonic endoderm elicits a midgut phenotype and reduces labial expression, reminiscent of kay mutants (Eresh et al. 1997; Szüts and Bienz 2000b Using the UAS/Gal4 system, D-Fos bZIP was expressed in regions of the wing imaginal disc that give rise to the entire adult wing structure or parts of it (Fig. 1, (Fig. 1, cf. A and D, B and E, and C and F).
D-Fos as a mediator of the DER pathway in the wing
The loss of wing vein tissue on expression of D-Fos bZIP resembles phenotypes resulting from defects in the Drosophila epidermal growth factor receptor (DER) pathway, caused, for example, by loss-of-function alleles of DER itself (Clifford and Schüpbach 1989) or of other genes required for DER signaling, such as rhomboid, vein, ras, and ERK/rolled (Sturtevant et al. 1993; DiazBenjumea and Hafen 1994; Garcia-Bellido et al. 1994) . Therefore, the above results might indicate that D-Fos acts as a mediator of the DER/ERK signaling pathway during wing vein differentiation. The artificial activation of this RTK pathway, by gain-of-function alleles or by overexpression of downstream effectors, gives rise to ectopic veins in the wing (Baker and Rubin 1992; Brand and Perrimon 1993; Brunner et al. 1994 Fig. 2A ,B, strong and mild phenotypes, respectively). Strikingly, both D-Fos bZIP expression in the wing imaginal disc (using the 32B Gal4 driver) or the removal of one copy of D-fos in a kayheterozygote, suppress this phenotype almost completely (Fig. 2C,D,F ; see also the bar graphs for quantification). To confirm that the observed effect is specific and caused by a reduction of endogenous D-Fos function, we performed add-back experiments in which this reduction was compensated by supplying extra wild-type D-Fos from a transgene, driven by the heat shock promoter (hs D-fos; Zeitlinger et al. 1997) . Significantly, the presence of the D-fos transgene abrogated the suppression of Elp B1 by kay and reinstated the extra vein phenotype caused by elevated DER activity ( Fig. 2E and  graph) . This result confirms that the suppression of the activated DER allele is due to a loss of D-fos activity. Hence, D-Fos mediates wing vein patterning downstream from or in parallel with DER.
Multiple roles of D-Fos in RTK signaling
Next, we investigated whether D-Fos mediates ERK signaling also during eye morphogenesis (Basler and Hafen 1988; Fortini et al. 1992; Freeman 1996) . Defects in photoreceptor differentiation can be induced by the RTK gain-of-function alleles Elp B1 and sev
S11
. The Elp B1 allele dominantly causes an abnormal eye phenotype that manifests itself in roughness and the occasional lack of outer photoreceptors ( Fig. 3B ; Baker and Rubin 1989; Lim et al. 1997 ). This phenotype can be suppressed largely by the removal of one copy of D-fos ( Fig. 3C ) and restored subsequently by simultaneous transgenic expression of wild-type D-Fos (Fig. 3D) . A gain-of-function transgene of the RTK-coding gene sevenless (sev S11 ) causes the characteristic appearance of ectopic R7 photoreceptor cells in nearly all ommatidia ( Fig. 3F ; Brunner et al. 1994) . The sev S11 phenotype can be suppressed by the expression of dominant-negative Fos (Bohmann et al. 1994; L. Ciapponi, unpubl.) . In flies carrying sev S11 in a heterozygous kay 2 background, the ectopic R7 photoreceptor phenotype is suppressed significantly (Fig. 3G) ; the number of normal ommatidia increases from 5% to approximately 20% (Fig. 3I) . Reintroduction of D-fos by a transgene in this double mutant background restores the percentage of ommatidia with extra photoreceptors observed in sev S11 heterozygous animals ( Fig. 3H,I ). Taken together, these results indicate that D-Fos can act as a rate-limiting component downstream from the RTKs Sev and DER during eye development.
D-Fos acts as an effector of ERK/Rolled
Considering that D-Fos is a transcription factor and based on the precedents of D-Jun and c-Fos (Chen et al. 1996; Peverali et al. 1996) , the most obvious role for DFos in DER and Sev signal transduction would be that of an effector of the Drosophila MAP kinase Rolled. Therefore, we examined the effect of reducing D-fos activity in animals expressing the gain-of-function allele rl Sem . Expression of Rl Sem under UAS control in the wing imaginal disc resulted in an extravein phenotype, markedly when the flies were reared at 25°C and milder at 18°C (Fig. 4A,D) . Simultaneous expression of D-Fos bZIP along with Rl Sem causes a striking suppression of ectopic vein formation (Fig. 4 , cf. A and C; note that for this experiment conditions were chosen in which Fos bZIP produces only a very mild effect by itself [see legend]), whereas additional expression of full-length D-Fos leads to a strong enhancement of the phenotype (Fig. 4 , cf. D and F). To confirm that the observed suppression of the rl Sem phenotype was not due to an effect of D-Fos on the transgene promoters, we performed a similar genetic interaction experiment using the endogenous rl Sem gain-of-function allele and kay 2 allele. kay 2 heterozygosity suppresses the rl Sem -induced extra-vein phenotype (Fig. 4, cf. G and H) . This effect is reverted by ubiquitous expression of D-Fos (Fig. 4I) , indicating that the suppression is due specifically to the decreased activity of D-Fos. The genetic interactions presented above confirm that the role of D-Fos in RTK signal is that of an effector of Rolled.
D-Fos acts downstream from both ERK and JNK signals in the developing eye
The results described above reveal D-Fos as a downstream component of the ERK signal transduction path- way, yet previous genetic analyses have shown that the transcription factor serves as an effector of JNK (RiesgoEscovar and Hafen 1997a; Zeitlinger et al. 1997 ). This raises the question of whether the function of D-Fos as recipient of ERK or JNK is mutually exclusive and determined by the cellular context, or whether the transcription factor may mediate both JNK and ERK responses in one tissue or one cell. The developing eye provides a system to approach such a question. Biochemical and genetic studies have indicated that the planar polarity pathway downstream from Frizzled (Fz) and Dishevelled (Dsh) leads to the activation of a JNK-type MAPK module (Strutt et al. 1997; Boutros et al. 1998; Weber et al. 2000) . During retinal morphogenesis, this pathway controls the mirror-symmetric arrangement of ommatidial units relative to the dorso-ventral midline. Thus, in the developing eye the activity of JNK and ERK signal transduction can be monitored separately in vivo (by planar polarity and R-cell recruitment, respectively).
To determine whether D-Fos is involved in planar polarity signaling, the effect of D-Fos bZIP expressed under the control of Gal4 drivers in the developing eye was examined. When D-Fos function was thus reduced, a striking combined phenocopy of defects in ERK and JNK signal transduction ensued. Sections of eyes of the hairy Gal4/UAS D-fos bZIP or of the sev Gal4/UAS D-fos bZIP genotypes display both a lack of photoreceptor cells, diagnostic of inadequate ERK signal transduction, and misoriented ommatidia, indicating defects in planar polarity signaling (Fig. 5A-D) . This mutant phenotype makes it plausible that D-Fos, in addition to its role in photoreceptor cell recruitment downstream from ERK, acts as an effector of JNK signaling in planar polarity determination.
To confirm this, we tested whether the frequency of misoriented ommatidia that result when the Fz-Dsh-JNK planar polarity pathway is deregulated by overexpression of Fz can be suppressed when D-Fos function is reduced. Indeed, the mutant planar polarity phenotype is reverted almost to wild type in a heterozygous kay 2 background (Fig. 5E,F) . Similarly, the phenotypic defects caused when JNK signaling is stimulated by expression of activated Hep (Weber et al. 2000) in the eye imaginal disc can be suppressed by coexpression of DFos bZIP or in a heterozygous kay mutant background (L. Ciapponi and U. Weber, unpubl.) . These data indicate that D-Fos is, as shown earlier for its partner molecule D-Jun (Boutros et al. 1998 ), a nuclear effector of planar polarity signal transduction in eye development. There- Cold (Fig. 6C) . In this in vitro setting, both Bsk and Rl could phosphorylate full-length D-Fos (Fig. 6A, lanes 2,12) .
To get an initial indication which residues might serve as target sites for ERK or/and JNK, we compared the D-Fos amino acid sequence with that of mammalian Jun and Fos proteins. The sequence alignments identified several sequences in D-Fos with similarity to confirmed JNK or ERK phosphorylation sites in the mammalian molecules (data not shown). T89 and T93 of D-Fos correspond in their sequence context and relative location to established JNK phosphorylation sites in c-Jun (Papavassiliou et al. 1995) . Alignment of the C-terminal parts of D-Fos and c-Fos showed a conserved residue (T584) that corresponds to a previously described MAPK phosphorylation site in c-Fos (Chen et al. , 1996 . Moreover, we identified several serine or threonine residues that might serve as target sites for the proline-directed MAPKs. We generated mutant derivatives of DFos in which one or more of these candidate phosphorylation sites was substituted by alanine (Fig. 6C) . JNK/ Bsk, but not ERK/Rl, could efficiently phosphorylate a fragment spanning the 170 N-terminal amino acids of D-Fos (Fig. 6A, lanes 4,10) . When alanine substitutions were introduced in positions T89 and T93, the N-terminal D-Fos fragment was no longer an efficient substrate for JNK phosphorylation (Fig. 6A, lane 5) .
Additional N-terminal residues that conform to the S/TP consensus (T234, S235, T237, and T254) were phosphorylated by neither JNK nor ERK (data not shown). Similar to the 170-amino-acid N-terminal fragment tested above, a D-Fos fragment covering the N-terminal 285 amino acids was not a substrate for ERK (data not shown). This indicates that the N-terminal part of D-Fos is a good substrate for JNK/Bsk but not for ERK/Rl, and that the residues T89 and T93 serve as the main N-terminal JNK target sites.
Interestingly, a small deletion that removes a sequence with remote similarity to the c-Jun ␦ domain (amino acids 28-56), but that does not span the phosphorylation sites T89 and T93 (Fig. 6C) , completely abrogates phosphorylation of the D-Fos N-terminal fragment by JNK/Bsk (Fig. 6A, lane 6) . It is possible that this deletion destroys a delta-domain-like JNK docking site present in D-Fos (Hibi et al. 1993) .
Next, we analyzed the C-terminal part of D-Fos; it contains seven potential phosphorylation sites for MAPKs (Fig. 6C) . A fragment spanning the C-terminal 280 amino acids of D-Fos was, in contrast to the N terminus, phosphorylated efficiently by both Bsk and Rl (Fig. 6B, lanes 14,19) . Alanine substitutions in all seven putative MAPKs target sites (Fig. 6C ) caused complete loss of phosphorylation (Fig. 6B, lanes 17,22) . However, mutating subsets of the seven putative phosphorylation sites, as in mutant C-5A or C-tr (Fig. 6C) , did not result in a complete loss of phosphorylation by either Rl or Bsk (Fig. 6B, lanes 15,16,20,21) , indicating the presence of multiple phosphorylation sites in the C-terminal part of D-Fos.
These results indicate that, at least in vitro, D-Fos is a direct substrate of both Drosophila JNK and ERK and that it contains overlapping, but distinct, sets of phosphorylation sites for the two kinases.
Differences in the phosphorylation state of D-Fos correlate with the choice between JNK and ERK responses in vivo
After establishing which residues serve as substrates for JNK and/or ERK in vitro, it was important to determine the regulatory relevance of these sites in vivo. We generated transgenic fly strains expressing mutant forms of full-length D-Fos in which either the putative N-terminal, JNK-specific phosphorylation sites, or the C-terminally located ERK and JNK substrate sites were replaced by alanine (D-Fos N-Ala and D-Fos C-Ala in Fig. 7I , corresponding to N-2A and C-7A in Fig. 6C, respectively) . In the D-Fos pan Ala mutant, all the putative MAPK phosphorylation sites, both N-and C-terminal, were substituted by alanine (Fig. 7I) . The transgenes in the lines tested gave rise to similar expression levels of the various D-Fos derivatives when tested by Western blot (Fig.  7J,K) . The Western blot also shows that the phosphorylation site point mutants of D-Fos migrate at lower apparent molecular mass in the SDS gel when compared with the wild-type form of the protein. This is consistent with D-Fos being phosphorylated in vivo at the sites that were identified in the in vitro analysis.
When the nonphosphorylatable D-Fos pan Ala was expressed from a UAS-driven transgene under the control of the epidermal driver 69B Gal4, it gave rise to a strong thoracic cleft at the dorsal midline, resembling kay or hep mutants, or phenotypes that result from D-Fos bZIP expression (Fig. 7D) . Evidently, D-Fos pan Ala represents a dominant-negative mutant that can interfere with JNK-dependent thorax closure (Zeitlinger and Bohmann 1999) .
Next, we investigated the relevance of subgroups of the D-Fos MAPK phosphorylation sites during thorax closure. Expression of D-Fos N-Ala resulted in a distinctive thorax cleft, although not quite as pronounced as in the case of D-Fos pan Ala (Fig. 7B) . Importantly, this result shows that the N-terminal, JNK-specific phosphorylation sites in D-Fos are required for a well-defined JNKdependent developmental mechanism. Expression of DFos C-Ala , which lacks the C-terminal phosphorylation sites, or of D-Fos wt had no discernible effect ( Fig. 7C and data not shown). These results indicate that either the C-terminal sites play only an ancillary role and are not essential for JNK signaling in the signal transduction pathway controlling thorax, or that this mutant does not compete well with endogenous D-Fos and therefore has no dominant-negative effect in this context.
Next, we examined whether expression of the different phosphorylation mutants of D-Fos might also interfere with ERK responses. Expression of D-Fos pan Ala in the posterior compartment of wing imaginal disc (en Gal4, see Fig. 1 for expression pattern) caused loss of wing vein material typical of mutants defective in DER to Rolled signaling (Fig. 7H) . Thus, consistent with the observation that D-Fos pan Ala has lost all substrate sites for both Rolled and Bsk, it acts as a dominant-negative form that interferes with D-Fos function in both the ERK and the JNK pathways (Fig. 7D,H) .
Interestingly, however, the D- , which interfered dominantly with JNK-mediated thorax closure, had no effect on ERK-dependent wing vein formation (Fig. 7F) . This is consistent with these sites not being substrates for Rolled. The DFos C-Ala mutant, however, which was neutral in thorax development, caused loss-of-vein phenotype (Fig. 7G) . It is important to note that the identical Fos Ala transgene lines were used in the thorax and the wing experiments. This, taken together with the results of the immunoblot analysis (Fig. 7M) , makes it highly unlikely that the kinase pathway-specific effects of the different transgenes would be caused by differences in expression levels.
To examine whether differential phosphorylation of D-Fos might also be used in the developing eye to distinguish between ERK and JNK signaling, we analyzed the effect of the D-Fos Ala mutants on ERK-dependent photoreceptor cell recruitment and JNK-mediated ommatidial rotation. Different D-Fos Ala mutants were expressed along with sev S11 in the eye imaginal disc under the control of the sevenless enhancer. As in the case of wing vein formation, D-Fos N-Ala did not alter the sev S11 phenotype, whereas the expression of D-Fos C-Ala or of D-Fos pan Ala caused a significant suppression of the extra R7-cell recruitment (Fig. 7J) . Thus, ERK signaling, whether it is triggered by DER or by Sev, appears to require only the C-terminal phosphorylation sites of DFos.
Next, we tested whether the D-Fos Ala mutants could suppress the ommatidial misrotation phenotype that is elicited by overexpression of Fz and the ensuing activation of JNK. Coexpression of all Ala mutants and Fz under the control of sev Gal4 led to a significant suppression of the misrotation phenotype observed in flies expressing Fz alone (Fig. 7K) . Wild-type D-Fos did not have this effect. These results indicate that the JNK-phosphorylation sites of D-Fos are required for the manifestation of the Fz gain-of-function phenotype. The Fz-JNK response in the eye is also affected by mutation of the Fos and MAP kinase signal specificity
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The dominant phenotypic effects of D-Fos Ala expression support our interpretation that Fos is regulated by protein phosphorylation to mediate developmental decisions and indicates that the residues identified by mutagenesis and in vitro kinase assay are required for in vivo function. Moreover, our findings indicate clearly that the function of D-Fos as a mediator of JNK/Bsk and ERK/Rl cascades is in both cases that of a direct kinase substrate. ; N) do not affect the extra photoreceptor recruitment caused by activation of the RTK pathways. Larvae were heat shock treated at 37°C during the third instar larval stage for 30 min. This caused the reduction of normal ommatidia in sev S11 /y flies as compared with the same genotype analyzed in Fig. 2I . Percentage of normal ommatidia ± S.D. is shown (for each genotype, at least three independent eyes and >300 ommatidia were analyzed, P < 0.0015). (K) Graphic representation of suppression of misrotated ommatidia caused by the expression of frizzled under the control of sev GAL4 driver by the different UAS D-Fos Ala versions (bottom), and a Western blot (top) monitoring the expression levels (using a ubiquitous driver, tub GAL4) of the various transgenes in the lines tested. The expression of any of the D-Fos Ala versions (N, C, and pan), but not of D-Fos wt (wt), suppresses the sev GAL4; UAS Fz planar polarity phenotype. Percentage of misrotated ommatidia ± S.D. is shown (for each genotype, at least three independent eyes and >300 ommatidia were analyzed, P < 0.0001).
Discussion
We have investigated several aspects of D-Fos function in signal transduction and development. Our experiments revealed that D-Fos is involved in a variety of developmental decisions controlled by ERK-and JNKtype MAP kinases. It will require further experiments to decide whether the findings on D-Fos can be extended to mammalian Fos proteins. As pointed out above, whereas the some of the phosphorylation sites described in this study appear to be conserved between D-Fos and c-Fos, for others this is less clear. Furthermore, a regulation of vertebrate Fos proteins by JNK-type MAP kinases has, so far, neither been shown conclusively nor refuted. One study has provided preliminary negative evidence arguing against a phosphorylation of c-Fos by JNK . Similarly, it is not clear whether the regulation of Fos protein levels by changes in the activity of the coding gene or by signal-dependent alterations of Fos half-life, as they have been described for c-Fos, may be important in the control of D-Fos function.
The role of D-Fos as a mediator of wing vein formation and retinal planar polarity has so far not been described. Because of the cell lethality caused by the currently available D-fos null allele, we used the expression of a dominant-negative form of the protein for much of the functional analysis in the developing animal. Although this approach has proven very useful and experimentally versatile in previous studies of signal transduction and cell regulation, it is important to validate the obtained results and confirm that the observed effects are specific. Several lines of evidence indicate that this is the case. The effects of dominant-negative D-Fos were exacerbated in a D-fos heterozygous background. Furthermore, the dominant genetic interactions between mutant alleles of D-fos and other signal transduction components shown here, taken together with previous reports that illustrated the faithful reproduction of loss-of-function phenotypes in the embryo by dominant-negative D-Fos (Eresh et al. 1997; Zeitlinger et al. 1997) , lend credence to the functional description of D-Fos during development presented here.
D-Fos cooperates with D-Jun presumably by forming a heterodimeric AP-1 complex. D-Jun is a substrate for Rl/ ERK and for Bsk/JNK (Peverali et al. 1996; Sluss et al. 1996) . Therefore, it was not obvious that the function of D-Fos downstream from the MAP kinases was that of a direct substrate, as shown in this paper. It could have also been envisioned that D-Jun was the primary signal recipient, and D-Fos would play the role of a passive cofactor that aids DNA binding and transactivation. Why does Drosophila use both D-Fos and D-Jun as recipients of JNK or ERK signaling if ultimately they form a dimer anyway? First, it has been reported that Fos and Jun cooperate in gene activation, presumably by both supplying contact surfaces for components of the transcriptional machinery and, thus, contributing synergistically to a stable interaction (Abate et al. 1991) . Even though the mechanistic consequences of D-Fos or D-Jun phosphorylation are not clear at present, it might be argued with the same logic that combining independent phosphoregulatable transactivation domains in a D-Fos-D-Jun heterodimer supports more effective gene activation in response to an upstream signal. Furthermore, indirect evidence has indicated that D-Fos might have D-Jun-independent functions, either as a homodimer that D-Fos, unlike its mammalian counterparts, can form, at least in vitro, or together with a third bZIP transcription factor (Perkins et al. 1990; RiesgoEscovar and Hafen 1997b; Szüts and Bienz 2000a) . In such a scenario, D-Fos might need to be a MAP kinase target in its own right.
An important question raised by the finding that DFos can mediate signaling by both ERK and JNK is how the decision between these distinct cellular responses is made, that is, how the cell "knows" which program to execute when D-Fos becomes phosphorylated. Several mechanisms have been suggested to contribute to signal specificity in such situations, in which one protein mediates different cellular responses. One model proposes a combinatorial mechanism by which several factors with overlapping broad responsiveness have to cooperate to mediate a defined specific cellular behavior. However, the observation that D-Fos participates in ERK as well as JNK signal transduction in the same group of cells of the developing Drosophila eye, by regulating photoreceptor differentiation and ommatidial rotation, respectively, argues against cell type-specific cofactors that modulate the response to D-Fos phosphorylation. The distinct substrate sites in D-Fos phosphorylated by ERK and JNK raised a novel possibility to explain the signal-specific D-Fos response. We suggest that D-Fos exists in two different activated forms, depending on whether it was phosphorylated by ERK or JNK. These differentially phosphorylated forms might then selectively trigger either the ERK or the JNK response (Fig. 8) . This idea is supported by in vivo experiments in which phosphorylation site-specific point mutants of D-Fos were expressed in the developing fly. A mutant that lacks all phosphorylation sites interferes dominantly with both ERK and JNK signaling in thorax closure, the wing, and the eye imaginal disc, supporting further the general relevance of D-Fos phosphorylation in developmental decisions. D-Fos mutants lacking subsets of phosphorylation sites, however, affected JNK and ERK signal responses differentially. An N-terminal cluster of JNK sites that is not phosphorylated by ERK was critical for the JNK response in vivo. A mutant lacking these sites interfered with thorax closure and planar polarity regulations, both bona fide JNK responses, but not with wing vein formation or photoreceptor differentiation, which are regulated by ERK. Conversely, a mutant that removes all ERK substrate sites dominantly suppresses processes normally controlled by this MAP kinase. These data indicate that signal-responsive transcription factors, such as D-Fos, may have different signal-specific functions. It is tempting to speculate that such a mechanism might be used by other signaling proteins that are receptive to different upstream signals.
A number of questions arise from this model of signal-specific transcription factor action: What mediates the different substrate specificities of JNK and ERK, and what are the molecular mechanisms responsible for the distinct readout of ERK-versus JNK-mediated D-Fos phosphorylation? The answer to the first question might be the presence of specific MAP kinase docking sites in the D-Fos polypeptide. It has been shown previously that the substrate specificity of MAP kinases is not mediated exclusively by the sequence surrounding the phosphoacceptor site, but also depends on protein regions that physically recruit MAPK to the vicinity of these sites (Minden and Karin 1997) . In the case of D-Fos we have found evidence for such a docking element. Removal of a short amino acid sequence in the N-terminal region that does not coincide with phosphorylation sites abrogates Basket phosphorylation. Hence, this element, which is distantly similar to the c-Jun ␦ domain, may mediate the JNK-specific phosphorylation in the N-terminal region of D-Fos. The molecular basis for the differential readout of JNK and ERK signaling via D-Fos can only be speculated on at this time. It is conceivable that the differences in D-Fos phosphorylation affect the range of activated genes by the alternative pathways. This may be due to specific protein-protein interactions; for example, with other DNA-bound transcription factors required for the activation of JNK or ERK target genes. The interactions between different factors assembled on the enhancer of inducible genes (Maniatis et al. 1998) can be very intricate, and it is possible that they are sensitive to protein phosphorylations in specific regions. More experiments involving, for example, genomic approaches will be required to identify the genes that are regulated by D-Fos in a signal-and cell context-specific manner.
Materials and methods
Plasmid construction
To generate mutant forms of D-Fos, the amino acids T88, T89, T93, T234, S235, T237, T254, S388, T449, T460, S495, T542, T562, and T584 were replaced in different combinations with alanine codons, by using the QuikChange Site-Directed Mutagenesis Kit (Stratagene), and sequenced. To generate the truncated D-Fos versions, standard PCR procedures were used. DFos N-terminal fragments used in kinase experiments spanned amino acids 1-170 or 1-285; the C-terminal fragment encompassed amino acids 315-595; the truncated form, amino acids 315-560.
Bacterial expression vectors
All truncated versions of D-Fos were cloned into the pGEX-3X expression vector (SmaI-EcoRI restriction sites) and sequenced. The rolled Sem cDNA was cloned into the PGEX-2T expression vector (BamHI-EcoRI restriction sites) and subsequently sequenced. The GST-Bsk plasmid was a kind gift of H.K. Sluss (Sluss et al. 1996) . GST D-jun, His-D-fos, and His-D-jun plasmids were kindly provided by F. Peverali (Peverali et al. 1996) .
P-element transformation vectors
For the generation of transgenic flies expressing D-fos 
, and rl
Sem
, cDNAs were cloned into the pUAST transformation vector (Brand and Perrimon 1993) or into the pKB267 P-element vector containing the sevenless enhancer and the heat shock promoter (Basler et al. 1991) . UAS D-fos bZIP was obtained by cloning the basic region and the leucine zipper domain (amino acids 252-337) of D-fos into the pUAST transformation vector. D-fos bZIP consists only of the bZIP domain; therefore, this mutant form can dimerize with endogenous Fos partner proteins such as D-Jun and bind to DNA, but it lacks the ability to stimulate transcription (Eresh et al. 1997 ).
Transgenic and mutant Drosophila lines
Germline transformation was performed by standard procedure (Spradling and Rubin 1982) using w 1118 as host strain and pUCHSpD2-3 (Mullins et al. 1990 ) as helper plasmid. The Gal4 drivers used in this study have been described previously (Brand and Perrimon 1993) .
The following fly strains carrying sensitized or activated alleles of the receptor tyrosine kinase signaling pathway have been used for the suppression experiments: sev S11 (Basler et al. 1991) ; rl Sem ; Elp B1 (Baker and Rubin 1992) .
Bacterial expression of recombinant proteins
The different GST D-Fos mutants, GST-Rl Sem and GST-Bsk, were expressed in Escherichia coli BL21. Overnight LB cultures containing 100 µg/mL ampicillin were diluted 10-fold and grown for 1 h at 30°C (until OD 600 = 0.5-0.7). Then the bacteria were induced with 1.5 mM IPTG for 3 h at 30°C. The bacteria were harvested and lysed for 30 min on ice in phosphate-buffered-saline (PBS) containing 100 µg/mL lysozyme, 1% Triton-X100, and complete protease inhibitors (Sigma). After sonication (Branson sonifier 250) and centrifugation at 25,000g (Sorvall), the supernatant fraction was mixed with glutathioneSepharose beads. Bound proteins were eluted with reduced glutathione (GST purification modules; Pharmacia). Recombinant GST D-Jun, His-D-Jun, and His-D-Fos were purified as described previously (Peverali et al. 1996) .
In vitro protein kinase assay
The kinase (0.2 µg) and the different substrates (1 µg) were incubated in 30 µL (final volume) of kinase buffer (50 mM HEPES at pH 7.5, 10 mM MgCl 2 , 1 mM DTT, 25 mM ␤-glycerolphosphate, 0.2 mM orthovanadate, 100 µM ATP, 10 µCi of [␥-32 P] ATP). The phosphorylation reaction was terminated after 20 min at 30°C and loaded onto a 12% SDS-polyacrylamide gel. The SDS-polyacrylamide gel was developed first by Coomassie staining and subsequently by autoradiography. Under these conditions, GST-Bsk and GST-Rl Sem (the constitutively active form of Rl) are sufficiently active on the substrates tested without phosphorylation by the respective MAPKK.
Immunoblotting
The transgenic lines bearing the different UAS D-Fos Ala or wild-type constructs (crossed with the tub Gal4 driver) or hs D-Fos Ala constructs were reared in cages on apple juice plates. Equal amounts of 0 to 14-h-old embryos of each genotype were collected and lysed in SDS sample buffer for 5 min at 98°C followed by centrifugation for 10 min at 15,000g. Aliquots of the supernatants were loaded onto 12% SDS-polyacrylamide gels. Western blots were performed according to Sambrook et al. (1990) . Antibodies used were ␣-D Fos ) and ␣-Drosophila TFIIA (Yokomori et al. 1993) .
